We report a paleomagnetic secular variation in the Society Islands, French Polynesia for the past 5 Ma. Paleomagnetic measurements were performed on volcanic rocks applying thermal and alternating field demagnetizations and principal-component analysis. As a result, 82 normal, 48 reversed, and 10 intermediate directions were observed after the correction of the site localities for the absolute motion of the Pacific plate. A mean VGP of the combined data set of normal and reversed polarities is located at 87.5
Introduction
Paleodirectional studies are quite important for finding the paleosecular variation (PSV) and time-averaged features of a geomagnetic field. Over the last decade, several paleomagnetic studies have proposed inclusive models for the past few million years, (e.g. Gubbins and Kelly, 1993; Constable, 1995, 1997; Kelly and Gubbins, 1997; Kono et al., 2000) . A common conclusion from these models is that the time-averaged field (TAF) is dominated by a dipole field and is associated with a certain number of non-dipole fields. Because of non-dipole components, there is a latitudinal dependence in the angular standard deviation (ASD) of the virtual geomagnetic poles (VGPs), as pointed out by Cox (1970) . Non-dipole fields may also generate systematic inclination offsets from the geocentric axial dipole (GAD) field, that is an inclination anomaly. McElhinny et al. (1996a) suggested that the inclination anomaly for the past 5 Ma TAF was attributed to the zonal quadrupole and octupole.
Although a reliable and global database is required for these studies, paleodirections have scarcely been provided from the Southern Hemisphere. As a comprehensive database covering the past 5 Ma, Johnson and Constable (1996) compiled 1610 independent paleodirectional data Copy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences.
from the Northern Hemisphere but only 590 from the Southern. Hence, hotspot basalts in the Southern Hemisphere are good candidates for improving this situation. This is because they are expected to have stable remanences and frequent eruptions can yield detailed paleomagnetic records.
The Society Islands in French Polynesia are composed mainly of 0-5 Ma hotspot basalts. Duncan (1975) paleomagnetically studied volcanic rocks from five islands of Tahiti, Moorea, Huahine, Raiatea and Borabora. He retrieved 35 normal, 18 reversed and six intermediate polarities, applying a threshold VGP latitude of 50
• . However, these data may be of insufficient quality for modern paleosecular variation studies because (1) the directions were not determined by the principal component analysis (Kirschvink, 1980) and (2) some of their magnetic cleanings do not seem to be sufficient. Especially concerning the latter point, 59 directions were obtained with magnetic cleanings up to 20 mT, and six of them were determined from non-cleaning remanences. Roperch and Duncan (1990) reported transient geomagnetic fields from Huahine, while Chauvin et al. (1990) observed 35 normal, 41 reversed, and 47 intermediate directions from 123 sites in Tahiti Nui. The time span was, however, relatively short, since they were mainly interested in the transitional behavior of the geomagnetic field.
In this study, volcanic rocks have been paleomagnetically measured for 154 sites at Maupiti, Borabora, Tahaa, Raiatea, Huahine, Moorea, and Tahiti by both thermal and AF demagnetizations in order to extract primary remanences. Based on these results, we will discuss the precise PSV and TAF for the past 5 Ma in the Society Islands.
Samples and Plate Motion
The Society Islands consist of 10 volcanic islands and several seamounts. They are hotspot origin and show a chain-like configuration in a northwest-southeast direction delineating the Pacific plate motion. The present hotspot is located at 18
• S, 148
• W at the southeastern end of the archipelago (Gripp and Gordon, 1990) , where several active submarine volcanoes are observed. The basaltic volcanism began about 5 Ma (Duncan and McDougall, 1976) . The samples were collected from 101 sites of lava sequences and from 53 sites of dikes and single lavas, mostly by a portable engine drill. The sample orientation was carried out by a magnetic compass and/or a sun compass. As shown in Fig. 1 (Blais et al., 1997 (Blais et al., , 2000 Chauvin et al., 1990; Duncan and McDougall, 1976; Guillou et al., 1998; Roperch and Duncan, 1990; Singer et al., 1999) . Therefore, these islands provide paleomagnetic record of the past 5 Ma. However, it should be noticed that the absolute motion of the Pacific plate evokes a few degrees of change in the sampling site positions over a few million years. According to the HS2-NUVEL1 model (Gripp and Gordon, 1990) , the Pacific-plate absolute motion has Euler pole at 60.2
• S, 90.0
• E and an angular speed of 0.98 • /Ma. Applying this model, the original positions are gathered and make a cluster at a mean position of 18.0
• S, 148.6
• W with a 95% confidence circle of 0.2
• , which is close to the present hotspot. The correction for the Pacific-plate motion is not negligible for precise paleodirectional analysis, because inclination of the GAD field changes from −33.0
• at 18
• S. Therefore, we will compare the data with and without the plate-motion correction later.
Experimental Procedures and Demagnetization Results
More than three specimens from each site were subjected to stepwise thermal demagnetization up to 600
• C in the air at 20-50
• C intervals. Alternating field (AF) demagnetization was also performed on other specimens at 5 or 10 mT intervals up to a 160 mT peak field. All the natural remanent magnetizations (NRMs) were measured by a spinner magnetometer (Natsuhara-Giken SMD-88 and DSPIN-2; Kono et al., 1984 , Kono et al., 1997 . All paleodirections were determined by principal-component analysis (Kirschvink, 1980) . We measured 885 paleomagnetic cores from 154 sites and their NRM intensities ranged from 1.29×10 −4 to 1.50×10
−2
Am 2 /kg with a mode around 1 × 10 −3 Am 2 /kg. Primary remanences were easily isolated from 140 sites using both thermal and AF demagnetizations (Fig. 2) , yielding site mean paleodirections with α 95 ≤ 15
• . Among them, Am 2 /kg with high blocking temperatures and coercivities. Their secondary components were efficiently removed by 350-450
• C heating or by 10-20 mT AF cleaning. Most of their MAD values in the principal-component analysis were less than 5.0
• . On the other hand, primary components were extracted, but the internal consistency was not good (α 95 > 15
• ) for six sites. The magnetizations of the other six sites were too weak (∼10 −4 Am 2 /kg) to extract stable components. Since we did not collect enough cores from the two sites of RA02b and RA03 in Raiatea, they gave only reference directions. Therefore, results from these 14 sites were not incorporated into the later statistical analyses. All the measurement results are summarized in Table 1 for the dikes and single lavas, and in Tables 2 and 3 for the lava sequences. The VGP positions were calculated for 140 sites with α 95 ≤ 15
• . The correction of the sampling localities for the absolute motion of the Pacific plate was applied in the VGP calculations.
Discussion
We take a threshold VGP latitude of 50
• in the definition of polarity. In other words, the VGP latitude of normal or reversed polarity is higher than 50
• , and the intermediate sites (RT10) is changed to a normal one, or one normal VGP (RT11) is changed to an intermediate one. The overall feature is, however, unchanged so that the polarities in the present data set are considered to be robust against the selection of a threshold latitude of around 50
• .
VGP positions
The resultant polarities are likely to be consistent with the geomagnetic polarity timescale of Cande and Kent (1995) on the basis of previous geochronological studies (see Section 2). All the VGP positions are illustrated in Fig. 3 , where two sequences of intermediate VGPs are observed from the lava sequences of TA-B (TA04, TA05, TA06 and TA07) and RT-A (RT10, RT07, RT06 and RT05). These VGPs appear to be clustered in the mid-Pacific region. This is quite different from the preferred longitudinal bands of the transitional VGP path (Laj et al., 1991) but this clustering shows similar behavior to that of the N-N excursion from Huahine (2.91-3.08 Ma; Roperch and Duncan, 1990) . Considering the formation ages of Tahaa (2.8-3.2 Ma) and Raiatea (2.44-2.75 Ma), the two sequences might record the same excursion, although a precise age determination will be necessary for more detailed comparison. Excluding the intermediates, the VGP positions seem to be distributed around the geographic poles (Fig. 3) . If we apply the Bingham statistics to the combined VGPs, the elongation parameter (α 32 /α 31 ; Tanaka, 2000) is calculated to be 1.15. Since α 32 /α 31 for the corresponding field directions results in 1.42, the VGP distribution is more Fisherian than that of the field directions. It is a similar behavior for the past 5 Ma Hawaiian data set (Tanaka, 2000) , but this feature is less pronounced if the plate-motion correction is not taken into account; α 32 /α 31 is 1.21 for the VGPs and 1.34 for the field directions. Therefore, the effect of absolute plate motion is not negligible for the precise analysis.
We also calculated mean VGPs for the normal, reversed, and combined data set (Table 4) . The combined data set shows a small amount of offset from the geographic pole, but it is comparable with A 95 . If plate-motion correction is not applied, the offset becomes about 1
• larger than that with correction (Table 4 ). This suggests that the plate-motion correction reduces the offset of VGPs.
Paleosecular variation
As 95 out of 140 directions were obtained from the lava sequences (Tables 2 and 3) , the serial correlation test (e.g. et al., 1996b) may conceivably be applied. However, Love (1998) showed that directional changes of a few degrees were occasionally accompanied by intensity changes of tens of microteslas. He concluded that grouping based on directional similarity was quite risky. In this study, we tentatively treat all the measured directions as independent ones. The ASD for the combined VGPs around the mean (N = 130) was calculated by subtracting within-site angular dispersion (S W = 5.4
• ) from total dispersion (S T = 14.7 • ). Since the resultant ASD (S F ) of 14.6
• (+1.3
is almost the same as S T , the errors of the site mean direction (α 95 ) do not seriously affect the present ASD.
This ASD is thought to be reliable for the past 5 Ma PSV in the Society Islands, although the ASD is sometimes seriously dependent on a cut-off angle (e.g. Chauvin et al., 1990; Shibuya et al., 1995) . This is because the polarities of the present data set is almost insensitive to a VGP cutoff angle of around 50
• , as stated at the beginning of this section. Even if the alternative cut-off angles (VGP latitudes) are adopted, the ASDs result in 14.9
• and 14.2
• for cutoff angles of 45
• and 55
• , respectively, which are not so different from S F of 14.6
• . This estimation is slightly larger than the previous results of 13.8
• (+2.1 • , −1.6 • ) by Duncan (1975), 13.9 • (+1.7
• , −1.2 • ) by Chauvin et al. (1990) , and the Model G for the past 5 Ma (McFadden et al., 1988 (McFadden et al., , 1991 . However, they are statistically indistinguishable at a 95% confidence level.
Time-averaged inclination
Time-averaged inclination is calculated to be −34.7
• (α 95 = 2.6
• ) from the combined data set (N = 130) after plate-motion correction. Since the inclination of the GAD field corresponds to −33.0
• for the mean corrected site latitude (18.0
• S), the time-averaged inclination does not show a significant anomaly at a 95% confidence level. However, the situation is changed if the plate motion is not taken into account. For example, the mean site latitude is calculated to be 16.9
• S and the corresponding GAD inclination is −31.3
• . Despite the fact that one intermediate direction (RT10) is converted to a normal one (N = 131), the mean inclination is still preserved. As a result, an inclination anomaly of −3.4
• would be observed at a statistically significant level (Table 4) .
The above result demonstrates the importance of the correction for the absolute plate motion. As the usual analysis concerning the inclination anomaly requires a resolution of 1
• , the plate-motion correction cannot be ignored, especially for the mid-Pacific region. This is because the Pacificplate motion has evoked an ∼2
• latitudinal change in sampling sites near the Equator over 5 million years, resulting in an ∼4
• inclination change of the GAD field. Johnson and Constable (1997) reported an inclination anomaly of −8.2
• in the Hawaiian Islands for the past 5 Ma normal polarity data, but it may partly be ascribed to the plate motion.
Analysis combining with the previous data
It is of some value to integrate the previous data (Chauvin et al., 1990; Duncan, 1975; Roperch and Duncan, 1990) into our data for further discussions. If we analyze all the available data set together after the correction for the absolute plate motion, the mean VGP locates at 88.7
• N, 59.1 • W, with A 95 = 1.7
• (N = 306). Its position is almost at the geographic pole, and the VGPs distribution is circular around the mean (α 32 /α 31 = 1.09). On the other hand, the distribution of the field directions does not seem to be Fisherian (α 32 /α 31 = 1.48). These are similar to those from our data set alone.
As for the ASD, it is calculated to be 16.2
• ) for the combined data set (N = 306), which is 1.6
• larger than our ASD in Table 4 . It is mainly due to the number of relatively lower latitudinal VGPs reported by Roperch and Duncan (1990) . If their data are excluded from the analysis, the ASD is changed to be 14.5
• (+0.9
• , −0.9 • , N = 258). This is consistent with that from our data set alone and also with the Model G for the past 5 Ma (McFadden et al., 1988 (McFadden et al., , 1991 . Since Roperch and Duncan (1990) mainly captured the excursional geomagnetic field, the latter ASD is more suitable for the past 5 Ma PSV.
The combined data set (N = 258), excluding Roperch and Duncan (1990) , also gave a time-averaged inclination of −32.1
• (α 95 = 2.0 • ). As the corresponding GAD inclination is estimated to be −33.6
• , no significant inclination anomaly is observed. This situation is unchangeable, even if the plate motion is not corrected; the data set (N = 259) yields the TAF and GAD inclination of −32.1
• (α 95 = 2.0 • ) and −31.7
• , respectively. This is probably because the platemotion correction is less important for the young-aged data (N = 82) from Chauvin et al. (1990) . Thus we test the combined data of Duncan (1975) and our study. The resultant I is calculated to be −2.5
• (α 95 = 2.2 • ) without the plate-motion correction, whereas it is calculated to be −0.9
• (α 95 = 2.1
• ) with correction. Therefore, it is again suggested that if we treat the paleomegnetic data spanning 5 Ma, the plate motion is not negligible. It is also noted that Duncan's (1975) data does not seem to be heavily contaminated by secondary components.
Conclusions
A paleomagnetic study has been performed on 0-5 Ma volcanic rocks from the Society Islands, French Polynesia. After plate-motion correction, 82 normal, 48 reversed, and 10 intermediate directions were observed. The combined data set (N = 130) gave a mean VGP at (87.5
• N, 4.0 • W) with A 95 = 2.3
• , and yielded an ASD around a mean of 14.6
• , −1.2 • ). Although this data set does not show a significant inclination anomaly for the TAF, an apparent anomaly of −3.4
• would be observed at a 95% confidence level (α 95 = 2.6 • ) if the plate motion is not taken into account. This suggests that correction of the absolute plate motion is required for the precise analysis of paleodirections, especially in the lower latitude region of the Pacific Ocean. These features are still preserved, even if the previous studies are incorporated into the present analysis.
